Abstract-Several physical parameters of realistic nonisotropic environments have been recently emulated with reverberation chambers. In this letter, the different performance in terms of diversity gain and multiple-input-multiple-output (MIMO) capacity of the same linear MIMO array in different nonisotropic propagating scenarios is demonstrated with a reverberation chamber (RC) for the first time. This could be useful for designing antenna arrays in handset MIMO.
. Histograms of measured angle-of-arrival (AoA) using the high-resolution MUSIC algorithm. only 5.5 dB. In a recent letter [13] , we demonstrated that with a proper setup a reverberation chamber (RC) is able to accurately emulate Rayleigh-fading scenarios with nonisotropic scattering with up to 50-dB power differences for diverse angles. In this way, several scenarios with different AS, AoA, AoD, or NS were obtained using a RC for the first time. By using these new emulated scenarios, in this letter we present their different system performance for the same MIMO linear array. While performance differences due to nonisotropic behavior were expected, they are reported here using a RC for the first time. This allows for isotropic and nonisotropic multiscenario repetitive laboratory measurements, which can certainly cut antenna development cost and research schedules. The technique is patent-protected by EMITE Ing.
II. MEASUREMENT SETUP
Measurements were carried out with a modified RC800 RC by Bluetest AB. Measurements were performed at 1800 MHz, and half-wave dipoles were used as MIMO array antennas. Seven different measuring scenarios (A to G) were prepared exactly as in [13] . Scenario A is an empty RC with a typical quasi-isotropic behavior. Scenarios B and C reduce the number of resolvable multipath components (MPC) by absorbing specific directions. Scenarios D and E reduce the MPC by decreasing the chamber -factor. Finally, scenarios F and G modify the typical reverberation chamber enclosed behavior by opening the chamber door. The technique is patent-protected by EMITE Ing. The decrease in MPC for scenarios with the open door, however, would result in an increment of the AS [13] . The nonisotropic behaviors of the diverse emulated scenarios are reproduced in Fig. 1 , wherein AS is defined as in [14] . Eight different MIMO arrays were employed using spatial-diversity for each scenario. The employed MIMO arrays are listed in Table I , where is the interelement spacing,
, and and indicate the number of transmitting and receiving antennas, respectively. The measured results in this letter are obtained using the formulas described in [15] . The calibration procedures are well described in [6] .
III. DIVERSITY GAIN RESULTS
Figs. 2 and 3 depict measured ideal diversity gain (IDG) for Scenario F and 3 3 and 3 4 MIMO, respectively. Table I It is important to note from Table I that total array length plays an important influence on final IDG performance. As an example, IDG for the 3 3 MIMO array with and a total array length of attains 9.01 dB, which is nearly identical to the IDG obtained for the same total array length but with 4 receive array elements (9.02 dB). The influence of diverse isotropic behaviors on diversity gain is clearly observed from Figs. 4 and 5. While different IDG performance is clearly observed when the array size is very small (Fig. 4) , for larger arrays scenarios the situation is different. From Fig. 5 (the largest MIMO array size), only the scenarios that increase AS by decreasing the cavity -factor perform differently. Scenarios that obtain the AS reduction with the use of absorbers (D and E) perform just like the unmodified chamber (A). The different behavior of scenario G (open door with large -separation) cannot be directly attributed to the large AS due to the considerably lower MPC than scenario A. This means that the use of loading for cavity -factor reduction is a method for emulating nonisotropic fading environments with a larger robustness than the use of absorbers. It is important to note that the differences in diversity gain performance for the diverse scenarios decrease with increasing D. Consequently, the effect of channel nonisotropicity is more important for very compact MIMO arrays, as it happens in handset MIMO. In these situations a precise emulation of the channel isotropicity would be required for accurate prediction of diversity gain performance. Finally, it is also observed from Figs. 4-6 that for specific scenarios and a high cumulative distribution function (cdf), a combination of low efficient or highly correlated antennas may behave worse than the 1 1 ideal Rayleigh case [15] . shows measured 3 3 MIMO capacities for all tested scenarios and array sizes. The ideal Rayleigh case is also depicted in Figs. 7-10 for comparison purposes, in a similar way to [16] . It is known that the interelement spacing and the number of receive elements ( ) play a dominant role on final MIMO capacity, even beyond when radiation efficiency is accounted for [15] . As expected, from Fig. 7 and Table II it is easily observed that MIMO capacity increases with increasing interelement spacing or the number of . Interestingly, the highest attained MIMO capacity is not obtained for the largest array, but for the largest interelement spacing of the MIMO array with the largest employed . Thus, in contrast to what happened to IDG, the number of receive elements plays a more important role on MIMO capacity performance than the interelement spatial separation. The dominant role of interelement spacing and number of receive elements on MIMO capacity is also clearly observed in Figs. 8 and 9 .
IV. MIMO CAPACITY RESULTS
Similarly, the AS has been demonstrated to have a significant effect on system capacity [17] . In addition, it has also been demonstrated that an AS of 60 is sufficient to achieve a system capacity close to the limit that corresponds to isotropic scattering [18] . The AS of a uniform distribution of the power in all angles corresponds to [9] . The AS is in fact confirmed to have an important effect on final MIMO capacity from Fig. 10 . The reduction of MIMO capacity in scenarios F and G (open door) despite their increased AS is due to their considerably reduced power angular spectrum with respect to the other scenarios. Interestingly, it is also clearly observed from this figure that the effect of AS on MIMO capacity is not affected by the array size, unlike what happened to IDG. This once again confirms the existing tradeoff between diversity and multiplexing gain.
V. CONCLUSION
Measured diversity gain and MIMO capacities for diverse nonisotropic Rayleigh-fading environments have been reported using a modified reverberation chamber for the first time. Diversity gain with nonisotropic environments has been demonstrated to strongly depend upon the interelement spacing. In contrast, MIMO capacity has been demonstrated to depend significantly on number of receive elements, but the effect of AS on final capacity has been found to be independent of interelement spacing. In addition, it has also been demonstrated that the use of loading for cavity -factor reduction is a method for emulating nonisotropic fading environments with a larger robustness than the use of absorbers. Since the channel statistics depend on the mobile direction of travel in nonisotropic environments, unlike for isotropic scattering environments, future research is envisaged to emulate the direction , velocity , and shaped Doppler power spectral density of the mobile user using reverberation chambers. The developed techniques for nonisotropic emulation of MIMO performance using modified reverberation chambers are patent-protected by EMITE Ing. The modified chamber operates in both reverberating and nonreverberating modes.
